Perceptual misbinding of color during binocular rivalry reveals separate neural representations of color and form followed by a neural binding process. The misbinding shows that the neural representation of color from a suppressed form can be expressed within a non-retinotopic location within the dominant form. Misbinding during rivalry is known to be affected by luminance edges within the stimulus: increasing luminance-contrast at edges decreases perceptual misbinding (Hong, S.W. & Shevell, S.K. (2006). Resolution of binocular rivalry: Perceptual misbinding of color. Visual Neuroscience, 23, 561-566.). Previous work, however, did not address the question of whether misbinding depends on equiluminance (i) in the eye of the suppressed form, which contributes the misbound color to the dominant form from the opposite eye, or (ii) in the eye of the dominant form, which incorporates the misbound color. This study answered this question. Misbinding of the chromatic response from a suppressed form that contains high luminance-contrast shows that location information provided by luminance-contrast edges does not inhibit misbinding of color to a non-retinotopic location within an equiluminant form presented to the opposite eye. If filling-in of color is constrained within regions defined by luminance edges, these edges must be perceived; retinal encoding of luminance edges by itself is not sufficient to constrain the perceived location of color.
Introduction
When two different images are presented to each eye, perceptual alternation of each image is often experienced. This is known as binocular rivalry. The alternation rate and stimulus predominance can be influenced by stimulus variables such as luminance, contrast, color and contour (Blake, 2001 ). Generally, a ''stronger" stimulus (e.g. a higher contrast stimulus) is suppressed for shorter periods of time; if both stimuli have high contrast, the alternation rate is rapid (Levelt, 1965) . If, however, both stimuli have low luminance-contrast and no chromatic contrast, stable fusion of the two stimuli can occur (Liu, Tyler, & Schor, 1992) .
In addition to perceptual alternation and binocular fusion, a novel resolution of rivalry is found for stimuli with only chromatic contrast (no luminance-contrast): perceptual misbinding of color to a form (Hong & Shevell, 2006) . Misbinding is a surprising result because binocular color rivalry is well known to cause either alternation between the two eyes' stimuli or binocular color mixture (Creed, 1935; de Weert & Wade, 1988; Stirling, 1901) . The primary difference between the conditions for misbinding compared to other studies of color rivalry is the luminance-contrast of the rivalrous stimuli. Rivalrous chromatic stimuli that also have substantial luminance-contrast yield either alternation of dominance or binocular color mixture, whereas chromatically rivalrous equiluminant gratings give perceptual color misbinding. Specifically, the proportion of time that an observer sees only binocular color mixture versus perceptual color misbinding depends strongly on the level of luminance-contrast in the rivalrous stimuli (Hong & Shevell, 2006) . Moreover, for given rivalrous stimuli, the color mixture percept or misbinding percept are nearly mutually exclusive, with misbinding occurring only at or near equiluminance. Perceptual misbinding occurs with 10% luminance-contrast so misbinding does not require exact equiluminance in a pattern but luminance-contrast must be low. At higher luminance-contrast, color mixture is perceived in place of misbinding.
The transition from misbinding to color mixture caused by increasing luminance-contrast implies that luminance edges play an important role in maintaining correct binding of color to its retinotopic location. Previous work, however, does not address the question of whether perceptual misbinding depends on near equiluminance in (i) the eye contributing the misbound color to the opposite eye's form (Equiluminant SENDER hypothesis) or (ii) the eye incorporating a misbound color from the suppressed form (Equiluminant RECEIVER hypothesis; Fig. 1c and d ). This study examined whether misbinding could be perceived with high luminance-contrast in one eye and, if so, the role of luminance edges in the neural representations that mediate binding of color to form. 
Method

Apparatus
Stimuli were generated using a Macintosh G4 computer and presented on a calibrated Sony color display (GDM-F520). The cathode ray tube (CRT) had 1360 Â 1024 pixel resolution and a refresh rate of 75 Hz noninterlaced. Different stimuli were presented to each eye by projection through an eight-mirror haploscope. Binocular fusion was facilitated by moving two mirrors that were attached to a saddle on a rail; this compensated for the distance between an observer's two eyes.
Stimuli
A two cycle/deg square-wave vertical grating was presented to one eye and a tooth-shaped vertically oriented grating (top half of grating phase-shifted by one-half cycle relative to bottom half) to the other eye (Fig. 1a) . Equiluminance was measured for each observer using heterochromatic flicker photometory (HFP). The field size for HFP was 1.6 deg square and the temporal frequency was 12.5 Hz. In the main experiments, the luminance of the chromatic regions was fixed at 8 cd/m 2 while the luminance of achromatic regions was varied at constant chromaticity (metameric to equal-energy-spectrum 'white'). A grating with luminance-contrast was presented to one eye, and an equiluminant grating to the other eye (right-and left-eye stimuli, respectively, in Fig. 1a ). Seven different Michelson luminance contrasts were tested: four luminance contrasts with a relative decrement in the achromatic regions (25, 50, 75 or 100%) , and three with a relative increment in the achromatic regions (25, 50, or 75%) . For decrements, the luminance in the achromatic regions was varied from 0 to 4.8 cd/m 2 ; for increments, the luminance was varied from 13.3 to 56 cd/m 2 . Measurements were taken also with equiluminant stimuli in both eyes, for baseline values. The two different forms (vertical vs. tooth-shaped) were used to distinguish whether misbinding was perceived in the form with luminance-contrast or the form at equiluminance. Also, by using the two forms, optical misalignment could be excluded as an alternative explanation for misbinding.
Four pairs of chromaticities, based on a cone-excitation chromaticity space (MacLeod & Boynton, 1979) , were used in the experiments. Each chromaticity pair had high color contrast in order to induce binocular color rivalry. Two pairs had a chromaticity Observers reported difficulty judging the form with the chromaticites that differed in only S/(L + M) from the retinally contiguous achromatic bars (chromaticity Pair 4). Contours that differentially stimulate only S cones are known to have low spatial resolution and poor localization (Tansley & Boynton, 1978) . For this chromaticity pair only, observers were uncertain of their responses so these measurements were excluded from further analysis.
The unit of S-cone excitation, which is arbitrary, was set to 1.0 for equal-energy spectrum (EES) 'white'. A thin circular ring and nonius lines, all metameric to EES, guided fixation.
Procedure
Prior to the experiment each observer dark adapted for 3 min. Each run began with presentation of the EES rings with nonius lines, and an achromatic uniform field (8 cd/m 2 ) in the center of each 2.0 deg circular aperture. When the observer pressed a button, first the left-eye stimulus was shown alone for 5 s followed by the right-eye stimulus alone for 5 s. The observer was told to remember the left-eye stimulus and right-eye stimulus (including their colors) for later responses during dichoptic presentation. Next, a 2.0 deg circular achromatic uniform field was presented with the EES rings and nonius lines. When ready, the observer pressed a button to continue the experiment, and both the lefteye and right-eye stimuli were presented continuously for 90 s.
Perceptual alternation was measured during dichoptic presentation of the two rivalrous stimuli. Observers used a game pad to report their percept and its duration by continuously pressing a button until their percept changed. Separate buttons were assigned to report four different percepts: dominance of the monocular equiluminant stimulus (i, Fig. 1b) , dominance of the monocular luminance-contrast stimulus (ii, Fig. 1b ), both the left-eye and right-eye colors within the equiluminant form (a type of misbinding; iii, Fig. 1b) , or both the left-eye and right-eye colors within the luminance-contrast form (another type of misbinding; iv, Fig. 1b) . For a two-color misbinding percept, observers were instructed to report it only when they perceived the left-eye and right-eye colors they had seen initially. Observers' responses for misbinding required that they perceive a complete two-color grating without any achromatic region. Observers were instructed not to press any button if they experienced percepts other than these four, such as a piecemeal or inhomogeneous pattern. Within each luminancecontrast level, results from three repetitions of eight different combinations of stimuli were averaged for each chromaticity pair (24 repetitions in all). The eight combinations counterbalanced across the left and right eyes (i) the two chromaticities, (ii) the two forms and (iii) luminance-contrast versus equiluminance (2 Â 2 Â 2 = 8). Each replication was on a different day.
Observers
Three observers participated in the study. They had normal color vision as tested by a Neitz anomaloscope and normal color discrimination on the Farnsworth-Munsell 100 Hue test. Author P.K. had knowledge about the experiments. Observers M.O. and R.S. did not know the design or purpose of the study but both were experienced psychophysical observers.
Results
The role of luminance edges during misbinding was assessed by systematically varying the luminance-contrast in one eye. The results for three pairs of chromaticities, two differing in both L/ (L + M) and S/(L + M) excitation and one in only L/(L + M) excitation, showed very similar trends. Results from these chromaticity pairs (pair 1, pair 2 and pair 3) were combined; thus 72 measurements were averaged for each luminance-contrast level.
The full set of measurements for seven different Michelson luminance contrasts (averaged over three chromaticity pairs) are shown in Fig. 2a . Error bars are standard errors of the mean based on one value for each of the three chromaticity pairs. Observer R.S. had missing data for one repetition of two conditions with 25% luminance-contrast for each chromaticity pair, so for this contrast level 66 measurements were averaged for R.S. instead of the usual 72 (R.S., Fig. 2a , the single point with a red asterisk). Black circles represent the proportion of time of monocular dominance for the luminance-contrast stimulus; gray diamonds are the proportion of time of monocular dominance for the equiluminant stimulus; green squares are the proportion of time of perceptual color misbinding within the luminance-contrast form; and pink triangles are the proportion of time of perceptual color misbinding within the equiluminant form. Blue asterisks represent the average proportion of time of perceptual misbinding with an equiluminant stimulus presented to each eye. For this condition, the average misbinding time was calculated by dividing the total misbinding time by two because there is no luminancecontrast form. The average misbinding time with equiluminant stimuli in both eyes is used as a baseline measure.
Measurements with various luminance-contrast levels showed strong interactions among the percept (monocular dominance versus misbinding), the perceived form (equiluminant form versus luminance-contrast form), and luminance-contrast level. For the luminance-contrast decrement conditions and the perceived equiluminant form (gray and pink symbols, left side of each panel in Fig. 2a) , all observers showed a nearly constant proportion of time regardless of contrast level, for both monocular dominance or misbinding. For the perceived decremental luminance-contrast form (black and green symbols), the proportion of time did not vary much with different luminance contrasts for observer R.S. but changed markedly with contrast level for the two other observers. For these two subjects, the monocular luminance-contrast form became more predominant than misbinding with greater luminance-contrast.
For the luminance-contrast increment conditions (right side of each panel in Fig. 2a) , the proportion of time for the equiluminant form, either with monocular dominance or misbinding, again varied relatively little as a function of contrast level for all observers (gray and pink symbols). By comparison, the proportion of time for the incremental luminance-contrast form depended strongly on the luminance-contrast level for all observers (black and green symbols). As the luminance-contrast increased, monocular dominance of the luminance-contrast stimulus became predominant (black symbols) while, concurrently, the proportion of misbinding time with the perceived luminance-contrast form fell rapidly (green symbols).
To examine the question of whether misbinding depends on equiluminance (i) in the eye with the suppressed form that contributes color to the misbound percept (Equiluminant SENDER hypothesis) or (ii) in the eye with the dominant form that incorporates the misbound color from the opposite eye (Equiluminant RE-CEIVER hypothesis), consider the two highest luminance-contrast conditions (À100% and +75% contrast). In the À100% luminancecontrast decrement condition (Fig. 2b) , monocular dominance of the luminance-contrast stimulus was perceived more than 40% of the time for all observers, whereas monocular dominance of the equiluminant stimulus was perceived for less than 10% of the time (black and gray bars, respectively). Somewhat surprisingly, all observers perceived misbinding in the equiluminant form for more than 35% of the time (pink striped bars); and misbinding in the luminance-contrast form was never perceived. In the 75% luminance-contrast increment condition (Fig. 2c) , monocular dominance of the luminance-contrast stimulus again was perceived most frequently for all three observers (black bars). They perceived monocular dominance of the equiluminant stimulus for about 15% of the total time (gray bars). Misbinding within the equiluminant form was perceived more than three times as long as misbinding within the luminance-contrast form, except for observer R.S. (pink striped vs. green striped bars).
A chi-square test was conducted to investigate whether the percept (monocular dominance versus misbinding) was independent of whether the perceived form was the equiluminant or the luminance-contrast stimulus. A separate test was done for each luminance-contrast level, chromaticity pair, and observer (Table 1) . Consider, for example, chromaticity pair 1 at +50% contrast for observer P.K, which has an asterisk in the table to indicate the measurements rejected the independence hypothesis (p < 0.05). This means that the relative duration of the percept of misbinding versus monocular dominance depended on whether the perceived form was from the equiluminant or luminance-contrast stimulus. In order to keep the per-observer Type I error rate at 5%, each condition's error criterion was set to 0.2% (i.e., 5% divided by the 21 tests) for each observer. Independence was rejected (p < .002) for 52 of 63 tests. Nonsignificant results were primarily at the lower levels of luminance-contrast (Table 1) . Although the quantitative measurements for observer R.S. were somewhat different than those of the other two observers (Fig. 2) , tests of independence showed similar results for all three observers. With high luminance-contrast, the chance of perceiving misbinding depended on whether the perceived form was from the equiluminant or luminance-contrast stimulus. These results, together with the results from Fig. 2 , show that misbindng of color to form occurs far more frequently when the equiluminant form is perceived (Equiluminant RECEIVER hypothesis) than when the luminance-contrast form is perceived (Equiluminant SENDER hypothesis).
Control for simultaneous color contrast
The results conceivably could be explained by monocular simultaneous contrast: the achromatic regions in each eye may take on a hue induced by the retinally adjacent chromatic stripes. Thus red stripes would induce greenness and green stripes redness. To exclude the simultaneous contrast account, the results from a reddish and blue appearing color pair (pair 3 [(l = 0.718, s = 1.8) and (l = 0.611, s = 1.8)]) are shown separately (Fig. 3) . These results are similar to those in Fig. 2b so simultaneous contrast can be excluded as an alternative explanation.
Control for luminance-matched substitution
Perceptual misbinding might be explained by luminancematched substitutions from the opposite eye instead of by the Equiluminant RECEIVER hypothesis. The luminance of the chromatic regions within the luminance-contrast stimulus and the achromatic regions within the equiluminant stimulus were the same (8 cd/m 2 ). Thus, the misbinding found within the equiluminant form might be because the achromatic regions within the equiluminant stimulus had the same luminance as the chromatic regions in the opposite eye. The achromatic regions within the luminancecontrast stimulus, on the other hand, had a different luminance than the chromatic parts of the opposite-eye stimulus.
This alternative hypothesis was tested by two of the observers by using an equiluminant stimulus in each eye but at different luminance levels: one eye's stimulus was 8 cd/m 2 in both the chro- luminance-matched substitutions, then misbinding should not be perceived in this control condition. The results, averaged over three chromaticity pairs, showed instead that misbinding was perceived frequently (Fig. 4) . Error bars are standard errors of the mean from the three chromaticity pairs. The total proportion of misbinding time, combining misbinding time in both the 8 cd/m 2 and 16 cd/ m 2 forms, was at least 49% of the viewing time for each observer.
This result excludes luminance-matched substitution as a possible explanation.
Discussion
The role of luminance edges in misbinding of color to form was investigated using a luminance-contrast stimulus in one eye and an equiluminant stimulus in the other eye during dichoptic presentation. Perceptual misbinding of color was perceived even in high luminance-contrast conditions with either a luminance increment or decrement in the achromatic regions. In high luminance-contrast conditions, misbinding of color was perceived far more frequently within the equiluminant form than the luminance-contrast form. This result supports the Equiluminant RE-CEIVER hypothesis, which holds that perceptual color misbinding occurs within the equiluminant form. Further, the proportion of exclusive visibility time of misbinding within the luminance-contrast form fell rapidly with the contrast level but this was not so for misbinding within the equiluminant form. In sum, misbinding of the chromatic response from the suppressed luminance-contrast form shows that location information provided by luminance-contrast edges does not inhibit binding of color to a non-retinotopic location in the opposite eye's equiluminant form.
With equiluminant stimuli presented to both eyes or with an equiluminant stimulus to one eye and luminance-contrast in the other eye, no observer ever reported perceiving misbinding of an achromatic percept to a chromatic region. For example, with equiluminant stimuli presented to both eyes, observers never perceived a uniform gray field (misbinding of gray from one eye to the other eye's chromatic regions); or when the luminance-contrast stimulus was presented to one eye, observers never perceived an achromatic grating with regions of different brightness (e.g., a gray-black grating). Achromatic percepts seem to be treated as Table 1 Tests of independence between (i) the percept of monocular dominance versus misbinding and (ii) perceiving the equiluminant versus luminance-contrast form -100% luminance contrast (Pair 3) Fig. 3 . Proportion of exclusive visibility during 90 s of stimulus presentation with the À100% luminance-contrast stimulus in one eye for a reddish and blue appearing chromaticity pair (pair 3). The gray dashed lines show the average misbinding time when equiluminant stimuli were presented to both eyes (For interpretation of color mentioned in this figure, the reader is referred to the web version of this article.). the absence of color rather than as a color comparable to the other hues. Luminance edges are known to confine a color percept within their boundary (Devinck, Delahunt, Hardy, Spillmann, & Werner, 2005; Mollon, 1995) . For example, consider two transparencies, one with a luminance contour (e.g., a black line in the shape of a sine wave) and the other with a solid yellow square. When superimposed using an overhead projector so the center (DC mean) of the sine wave is on one side of the square, an observer sees the yellow color filling-in up to the contour of the superimposed black sine wave (Boynton illusion; Mollon, 1995) . Another example is the watercolor effect, which is generated through the juxtaposition of two differently colored parallel contours (Devinck et al., 2005) . A light-colored contour that runs alongside a darker chromatic contour creates long-range color filling-in within the contour defined by the darker chromatic edge, which establishes luminance-contrast. In the experiments here, dichoptic viewing of an equiluminant stimulus in one eye and a luminance-contrast stimulus in the other eye resulted in luminance edges that confined the location of color when the monocular luminance-contrast stimulus was the dominant percept. The same retinotopic stimulus when suppressed, however, did not stop misbinding of the color enclosed within the luminance edges. Thus, the luminance edges within the suppressed form did not keep color from being perceived in a nonretinotopic location within the equiluminant form of the non-suppressed stimulus. In the case of misbinding and perhaps other cases, color filling-in up to edges is based on perceptual, not retinal, luminance edges.
